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genes of the gene set and the proportion of significant genes of the total genes in the GWAS. FDR values were calculated if multiple gene sets were included in enrichment test. Kernel based association measure. In brief, a kernel based canonical correlation analysis (CCA) is to solve a following eigen-problem between two joint Gaussian variables Y and X:
, where and are the Gram matrix of the sample calculated using the kernel function, and is a small regularization parameter to avoid overfitting. The kernel generalized variance statistics ('regularized kernel association' would be a more preferable name) is then defined as ,
where is the leading eigenvalue of the regularized eigenproblem (minus one from the eigenvalue calculated directly from the matrices!!!). This is justified by the fact that the rest eigenvalues converge rapidly to 0, and therefore retaining these eigenvalues will not only contribute little to the association but also sacrifice the numerical stability. The thus defined kernel generalized variance approximates the mutual information between variables Y and X to the second level when the variables in question follow arbitrary distributions and 'near independency' (please refer to Bach & Jordan 7 for a detailed proof), and therefore if Y and X are independent. To get the p-value under the NULL hypothesis, we used the permutation procedure. The columns of were permutated for times, and the permuted kernel generalized variance statistics were calculated and recorded. The empirical p-value was then calculated as the percent of permuted statistics exceeding the original one. We found that a gamma fit of the permuted statistics approximates the NULL distribution of statistics quite well and is especially useful when one is performing screening where statistical correction is required. We truncated the left most 2% tail of the permuted NULL to get a stable fit of the gamma distribution. A diagnostic QQ-plot was also produced along with the approximated p-value in case of deviation from the gamma fit, which happens if inappropriate regularization parameter or kernel function is chosen, or the distribution from the original space is too irregular given a small sample size. Intensive numerical simulations reveal no sign of inflated false positive rate of the kernel association measure (data not shown). Nevertheless, in this paper we only report the empirical p-values. To control for the covariates, we eliminate the covariate effect from the original space of the data. As we expect no interactions between the covariates in this study, we enforce only the linear covariate removal procedure, where a linear model was applied on the main variables, e.g. SNPs and phenotypes, to regress out the covariates, e.g. research sites and gender, and the residual terms were then used to represent the corresponding main variable in the kernel based association analysis. A more general nonlinear covariate removal scheme should be enforced when nonlinear interaction between the covariates is expected and will be detailed in a separated article for more general applications. Simulation studies indicate that removing covariates from either phenotype or SNP is more conservative than removing covariates from both of them, while both procedures show no sign of inflated false positives (data not shown).
For our current application, Gaussian kernels were used, and the determination of kernel bandwidth followed the recipe of 7 , the regularization parameter was set to 0.1. We permuted the sample 1, 000 times to get the empirical p-value. After the covariate removal procedure, the data were transformed to its rank divided by sample size before testing for the kernel association to smooth out possible outliers that might destabilize the algorithm. Table S1 . M5 module genes with differential gene expression between WT and Rasgrf2 -/and module membership. logFC: fold change on log2 scale between WT and Rasgrf2 -/-; MM: module membership; kWithin: number of connections between a gene and other genes in a module S3 . Linkage disequilibrium (LD) plot covering the EHD4 gene. Results are generated from Haploview. The degree of red in each block indicates the adjusted linkage disequilibrium (LD') between the corresponding pair of SNPs, and their r 2 is given in each block. The haplotype blocks in EHD4 are also indicated (numbered 1-6).
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